Introduction
Cell-to-cell contacts and cell-to-extracellular matrix (ECM) interactions must have been among the central functional prerequisites for the evolution from Protozoa to multicellular animals, the Metazoa. Sponges (Porifera) are considered to be the lowest phylum of Metazoa (Kastner 1993) ; in some views, sponges have been linked to the choanoflagellate protozoans as a separate sub-kingdom Parazoa, distinct from Eumetazoa (Wainright et al. 1993) . One way to resolve the question of whether sponges are true Metazoa is to search for the key ECM molecules and their corresponding cell surface receptors, which are essential for the formation of true tissue. Molecules of the ECM, such as collagen and adhesive glycoproteins, play major roles during sponge embryonic development (see Morris 1993) and cell adhesion and motility (reviewed in Garrone 1978; Mtiller 1982) . Sponge collagen (Garrone 1984; Diehl-Seifert et al. 1985) , fibronectin (Labat-Robert et al. 1981) , and adhesive glycoproteins (Mtiller et al. 1983 ) have been characterized by biochemical methods. To date, two sponge molecules of the ECM have been cloned: collagen from the freshwater sponge Ephydutia muelleri (Expositio and Garrone 1990) and an S-type lectin from the marine sponge Geodia cydonium (Pfeifer et al. 1993) . Based on a high degree of conservation of the amino acid sequence in the functional domains of these molecules, monophyletic origin of Metazoa was proposed Mtiller 1995) . Furthermore, based on the sequence of the S-type lectin (Pfeifer et al. 1993; Hirabayashi and Kasai 1993) , the time of divergence of sponges from other Metazoa was estimated at about 800 MYA.
Cellular interactions with the ECM trigger intracellular signaling pathways (Schwartz, Schaller, and Ginsberg 1995) . In the last 2 years we have cloned from G. cydonium a series of elements involved in signal transduction, such as protein kinases C (Kruse et al. 1996) and receptor tyrosine kinase (Schacke et al. 1994a (Schacke et al. , 1994b . At the present time we are also analyzing a serum response factor (Scheffer et al. 1997) . Again, the deduced amino acid (aa) sequences of these molecules exhibit high homologies to molecules from higher metazoans, supporting the view of monophyly of Metazoa.
One major class of cell surface ECM receptors are the integrins (for review, see Yamada et al. 1992 ). Integrins are membrane-anchored heterodimer receptors composed of (x and l3 subunits. At least 16 different cx and 8 B subunits yield more than 20 heterodimeric integrin receptors (Hynes 1992) . Upon binding of their respective ligands, the integrins activate intracellular signaling pathways such as kinases, SH2-SH3 signaling, and phospholipid mediators, which among other effects also activate assembly of the ECM (reviewed in Schwartz, Schaller, and Ginsberg 1995; Clark and Brugge 1995) . Until now, invertebrate integrins have been cloned only from Cuenorhubditis &guns (Wilson et al. 1994) and Drosophila melunogaster (Bogaert, Brown, and Willcox 1987) . In addition, binding studies using laminin (Agbas and Sarras 1994) or peptides containing the Arg-Gly-Asp recognition sequence (Ziegler and Stidwill 1992) as probes suggested that integrin receptors are present in the cnidarian Hydra vulgaris.
In the present study we report on the isolation and characterization of the CY subunit of integrin from the marine sponge G. cydonium. The data indicate that sponges, the oldest Metazoan phylum, already possess those molecules allowing cells to assemble to organs. idae) were collected near Rovinj (Croatia). Immediately after collection from a depth of 25 m at 16°C they were frozen in liquid nitrogen until use.
Materials and Methods

Materials
Northern Blot Analysis
RNA was extracted from liquid-nitrogen-pulverized sponge tissue with TRIzol Reagent (GibcoBRL) as recommended by the manufacturer. Five micrograms of total RNA were electrophoresed through 1% formaldehyde/agarose gel and blotted onto Hybond N+ membrane following the instructions of the manufacturer (Amersham).
The RNA molecular weight marker I (Boehringer) was used for size estimates. Hybridization was performed with a 32P-labeled cDNA probe-the previously cloned 3' end sequence SHOX, 1,488 bp (accession no. X79054) , at 65°C overnight in the following buffer: 0.25 M NaH2P04 (pH 7.2), 1 mM EDTA and 0.5% blocking reagent (DuPont). Washes were done at 65°C as follows: twice in 0.125 M NaH,PO, (pH 7.2), 2.5% SDS, 0.05 mM EDTA, and then twice in 0.025 M NaH2P04 (pH 7.2), 0.5% SDS, 0.01 mM EDTA (Ausubel et al. 1995) . The film was exposed at -80°C for 3 days.
PCR Cloning of the 5' end of GCINTEG
Three consecutive rounds of PCR-cloning were employed to clone the cDNA of integrin (Y (termed GCINTEG) from a G. cydonium cDNA library (Pfeifer et al. 1993) in XZAPII (Stratagene). In each case a reverse (antisense) PCR primer was designed according to the sequence of an already cloned segment of GCIN-TEG, for amplification in conjunction with the vectorspecific 5 ' end primer T3 (Stratagene). Based on a previously cloned C-terminal sequence from G. cydonium (SHOX, 1,488 bp; accession no. X79054) , we designed the gene-specific primer GCITG.Rl: 5'-TI'GACTI'GTAGAGTGACACCA (nt 2332-2352 in GCINTEG; fig. 1 ). In the second round we used the primer GCITG.R3: 5'-GTCCTGAGAACAACTGCACT (nt 1403-1422), and in the third round GCITG.RS: 5'- by the amino acid Phe. No (otherwise conserved) Cysx-Cys or Cys-x5-Cys segments (Pigott and Power 1993) are present in the sponge sequence. A potential transmembrane domain is located from aa 1,041 to aa 1,057 (PC/GENE 1995; SOAP). The integrins are glycosylated polypeptides (Curtis et al. 1991) ; eight potential N-glycosylation sites are present in the extracellular portion of the sponge integrin (marked in fig. 3 ). Most (Y subunits of the integrins contain seven repeating domains (Pigott and Power 1993) ; in GCINTEG, eight potential repeats were identified (underlined in fig. 3 ; scheme in fig. 4) .
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Like other (Y subunits of integrins (D'Souza et al. 1990 ), the sponge GCINTEG also contains putative divalent cationic-binding sites. According to Kretsinger (1980) , a Ca2+-binding domain is defined by the presence of five amino acids (Asp or Asn, Ser, Thr, Glu, Gln) as Ca2+ ligands within a loop (including one Gly adjacent to one ligand aa) which is flanked by two hel- . Only the N-terminal part of the proteins, which encompasses most of the heavy chain, was aligned. Residues conserved among all four sequences, both identical and similar (in the following groupings: D, E, N; E, D, Q; K, R, H; L, T; L, V, I, A, M; P G; S, T; C, S; N, Q; R Y) are shown in inverted type, while residues conserved in three of the sequences are shaded. Multiple alignment was performed with CLUSTAL W version 1.6 (Thompson, Higgins, and Gibson 1994) , and the graphic presentation was composed with GeneDoc (Nicholas and Nicholas 1996) . ices. The sponge sequence contains three such potential calcium-binding domains (marked in fig. 3 ). No cationic-binding sites of the type of S-100 calcium binding protein signature (Moncrief et al. 1990) were identified.
Integrins which lack an I ("inserted") domain (conserved motif Asp-x-Ser-Ser; Takada and Hemler 1989) have been described to undergo cleavage into heavy and light chains, which are linked via a disulphide bridge (Pigott and Power 1993) . GCINTEG lacks the I domain, and accordingly the potential cleavage sites which generate the heavy and light chains are present (Arg, aa 919, and Glu, aa 923, respectively) . This region is flanked by Cys residues as potential aa to form the disulphide bonds. Hence, the 01 subunit of GCINTEG might be cleaved into a heavy and a light chain (indicated in fig. 3 ; scheme in fig. 4 ).
Primarily the p subunits (Guan, Trevithick, and Hynes 1991) , but also some of the CY subunits of integrins (summarized in Schwartz, Schaller, and Ginsberg 1995) , undergo phosphorylation by protein kinases (Curtis et al. 1991) . In the sponge GCINTEG, no phosphorylation site was noted within the intracellular portion of the sequence.
Evolutionary Integrin
Conservation of the cx Subunits of
Multiple alignment of the N-terminus of invertebrate integrin 01 subunits (most of the heavy chain, which in GCINTEG encompasses aa 18-919) is shown in figure 5 . The sponge GCINTEG shares 23%-18% identity and 47%-41% similarity with the sequences from D. melanogaster and C. eZ&ans. Considering the fact that different cx subunits of integrins display only relatively low sequence homology (Pigott and Power 1993) , these scores appear to be meaningful.
The sequences of integrin cx light chains appear to be much less conserved, but the transmembrane and proximal cytoplasmic domains are well conserved (data not shown).
An unrooted phylogenetic tree was computed from the deduced aa sequences of integrin (x subunits found to be most homologous to the sponge integrin OL, with the corresponding complete sequences from invertebrate species (D. melanogaster and C. elegans) as well as vertebrate species (mouse integrin CXV, chick integrin (XVIII, and human fibronectin receptor cx subunit). The analysis revealed that the invertebrate sequences, together with the sponge integrin, cluster in one group and are separated from the vertebrate sequences ( fig. 6 ).
Conclusion
Sponges consist of at least five distinct cell types (Simpson 1984) , which are either arranged in epithelial layers or are embedded within the ECM in the mesohyl (Simpson 1984) . The ECM is voluminous; in G. cydonium, 13% of the total protein is attributed to the S-type lectin, which is located in the extracellular compartment of the organism (Mtiller et al. 1983) . Weissenfels (cited in Mehlhorn 1989) assumed that some sponge cells are already organized into epithelia-like tissues, which form simple organs or organ-like assemblies. The most prominent examples are the choanocyte chambers, which are formed of two kinds of epithelium, comprising choanocytes (flagellated cells) and cone cells (cells with a double-conical shape which hang into the chamber formed by choanocytes). Choanocyte chambers function as organs to orient the water flow in one direction, from the incur-rent openings to the excurrent channel systems.
Strong arguments for the existence of simple organs or organ-like assemblies in sponges came from molecular cloning data, which revealed high homologies between sponge ECM molecules and typical metazoan molecules such as collagen (Expositio and Garrone 1990 ) and S-type lectins (Pfeifer et al. 1993) . In the present study we show that the sponge G. cydonium is provided with a plasma membrane receptor, the integrin (diagram in fig. 4 ). The cloned integrin CY subunit pertains to a family of receptors which have so far been reported exclusively from true Metazoa. Hence sponges, the oldest multicellular animal phylum, already contain the structural elements which are required for tuned and controlled interaction among cells, and between cells and the extracellular matrix, to enable formation of organs. A future direction of our work will be to clone the B subunit of the integrin and to attempt cloning of fibronectin. These data will additionally support the view that sponges are true Metazoa (Eumetazoa).
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